We report the photometry of six transits of the hot Jupiter HAT-P-29b obtained from 2013 October to 2015 January. We analyze the new light curves, in combination with the published photometric, and Doppler velocimetric, and spectroscopic measurements, finding an updated orbital ephemeris for the HAT-P-29 system, T C [0] = 2456170.5494(15) [BJD TDB ] and P = 5.723390(13) days. It is 17.63 s (4.0 σ) longer than the previously published value, amounting to errors exceeding 2.5 hrs at the time of writing (on UTC 2018 June 1). The measured transit mid-times for HAT-P-29b show no compelling evidence of timing anomalies from a linear model, which rules out the presence of a perturbers with masses greater than 0.6, 0.7, 0.5, and 0.4 M ⊕ near the 1 : 2, 2 : 3, 3 : 2, and 2 : 1 resonances with HAT-P-29b, respectively.
INTRODUCTION
High-precision photometric follow-up observations permit the refined determination of physical properties (especially the radii) of known transiting exoplanets (e.g., Holman et al. 2006; Southworth 2009; Wang Y. et al. 2017; Wang X. et al. 2018 ). An accumulation of these data provide new insights into the distribution of planetary interior structures, formation and evolution processes.
Follow-up observations are also required to update and maintain planetary orbital ephemerides (Wang et al. 2018a) , which are needed in order to confidently schedule in-transit follow-up observations (e.g., RossiterMclaughlin effect measurements: Wang et al. 2018b , or atmospheric transmission spectra observations: Knutson et al. 2012) .
Moreover, high-precision photometric follow-up observations, and by extension, accurate measurements of transit timing variations (TTVs) of known hot Jupiters, offer a powerful tool for the detection of hot Jupiter companion planets with masses comparable to Earth's (Miralda-Escudé 2002; Agol et al. 2005; Holman & Murray 2005) . It will provide a key zerothorder test of the competing mechanisms of hot Jupiter formation (Millholland et al. 2016) .
Photometric follow-up observations are also often needed before definitive TTV-determined masses can be achieved for K2 (and in the near future, TESS) planets (Grimm et al. 2018; ). The K2 (Howell et al. 2014 ) and upcoming T ESS (Ricker et al. 2015) missions only monitor each target field for ∼ 80 and ∼ 27 days, respectively. The timescales associated with TTV signals, however, are typically several years (Agol & Fabrycky 2017; Wu et al. 2018) .
Finally, high-precision multi-band transit photometry is also a powerful diagnostic tool for exploring the atmospheric properties of close-in planets, notably, the atmospheric compositions and meteorological conditions associated with clouds and hazes (e.g., Sing et al. 2016) .
For these reasons, we have initiated the Transiting Exoplanet Monitoring Project (TEMP) to gather longterm, high-quality photometry of exoplanetary transits with 1-meter-class ground-based telescopes (see Figure 1 and Table 1 for the TEMP network locations and telescopes). The scientific goals are:
• Identify and characterize undetected planets interleaved among known transiting planets via TTVs.
• Refine the orbital and physical parameters of the known transiting planets discovered with groundbased photometric surveys, which usually only received a handful of photometric follow-up observations.
• Make definitive estimates of planetary masses in multi-transiting systems discovered with K2 and T ESS via TTVs.
• Characterize exoplanetary compositions and atmospheric properties with multi-band photometry.
To date, ∼ 300 light curves of about 60 transiting exoplanets have been obtained through the TEMP network (Wang Y. et al. 2018, In prep.) . The light curves (see Figure 2 for examples) have a typical photometric precision ranging from 1 to 2 mmag, depending on weather and the stellar magnitude. In the best cases, sub-mmag photometric precision has been achieved.
Here, we present one of our first scientific results, namely a refined characterization of the HAT-P-29 planetary system.
The transiting hot Jupiter HAT-P-29b was discovered by Buchhave et al. (2011) under the auspices of the HATNet project. Although extended Doppler velocity monitoring shows evidence for the existence of a distant outer companion in the system (Knutson et al. 2014 ), HAT-P-29b is otherwise a comparatively normal transiting exoplanetary system consisting of a 1.2 M ⊙ star circled by a 0.78 M JUP planet with an orbital period of 5.72 days. The relatively long period introduces challenges for ground-based follow-up using meter-class telescopes. The photometric characterization of HAT-P-29b in the discovery work rested on only two partial followup transit light curves, and the discovery light curve which is of limited quality. Moreover, four additional Doppler velocimetric measurements (there are eight in discovery paper) were obtained by Knutson et al. (2014) for this system. Torres et al. (2012) also improved the spectroscopic properties of the host star for this system.
Here, we report the first photometric transit followup of HAT-P-29b since the discovery work, covering six transits (only two of these are complete, however). This new material, coupled with all archival photometric (Buchhave et al. 2011) , spectroscopic (Torres et al. 2012) , and Doppler velocimetric data (Buchhave et al. 2011; Knutson et al. 2014 ), permits refinement of the planetary orbital and physical properties. By analyzing the transit mid-times of all available follow-up light curves (six from this work, and two from Buchhave et al. 2011) , we effectively constrain the parameter space of the potential nearby perturbers.
We proceed in the following manner: In §2, we describe the new photometric observations and their reduction. §3 details the technique we used to estimate the ′ × 11.7 ′ ) subframe was used to reduce the readout time from 93 to 4 s, significantly increasing the duty-cycle of the observations. For our observations, the images were not binned, giving a pixel scale of 1.38 ′′ pixel −1 . For full details of this telescope, we refer the reader to Zhou et al. (1999 Zhou et al. ( , 2001 .
A sixth transit, obtained on UTC 2015 January 6, was observed through a Johnson V filter using Hu et al. (2014) .
To maintain a high signal-to-noise ratio (SNR > 1000) for both the target and comparison stars, exposure times were varied from 35 to 100 s, depending on atmospheric conditions. Nevertheless, exposure times were not changed during the ingress or egress phases to avoid adversely affecting the transit timing. The mid-exposure time is recorded in the image header, and is synchronized with the USNO master clock time 1 at the beginning of 1 http://tycho.usno.navy.mil/. each night. The intrinsic error for all recorded times in the image headers is estimated to be less than 1 s. The recorded time stamps are converted from JD UTC to BJD TDB using the techniques of Eastman et al. (2010) . A summary of our observations is given in Table 2 . All data are bias-corrected and flat-fielded using standard routines. Aperture photometry is then performed using SExtractor (Bertin & Arnouts 1996) . The final differential light curves are obtained from weighted ensemble photometry. The aperture sizes and the choice of comparison stars are optimized to minimize the out-oftransit root-mean-square (RMS) scatter. The resulting light curves are given in Table 3 , and are compared in Figures 3 and 5 to the best-fitting model 2 . The scatter of the residuals from the best-fitting model in these light curves varies from 1.9 to 3.7 mmag. Relati e Flux + Offset Figure 3 . Phased follow-up light curves of HAT-P-29 (two from Buchhave et al. 2011 , and six from this work). These light curves are fitted simultaneously with the Doppler velocity measurements from Buchhave et al. (2011) and Knutson et al. (2014) to estimate the system parameters (see Figure 4 and §3). The solid orange line shows the best-fitting model and the residuals of fit are plotted below.
LIGHT CURVE ANALYSIS
To re-estimate the system parameters of HAT-P-29, we performed two global fittings, one in which we only used follow-up light curves (six from this work, and two from Buchhave et al. 2011) , the second included the HATNet discovery photometry. We simultaneously model photometric data, together with high-precision RV measurements (Buchhave et al. 2011; Knutson et al. 2014 ) acquired with Keck/HIRES using EXOFAST (Eastman et al. 2013) .
EXOFAST fits each data set independently to determine an error scaling and preliminary best fit, then uses the Differential Evolution Markov Chain Monte Carlo (DE-MCMC; ter Braak 2006) to refine the best global fit (including all data sets, the Torres et al. 2008 relation to determine the stellar parameters, and a loose prior on the limb darkening from Claret & Bloemen 2011) and characterizes the uncertainties. We allow the eccentricity to float, although the fitted eccentricity is consistent with zero. The chains are run until well mixed, as described in Eastman et al. (2013) and the results are summarized in Table 4 .
We imposed priors on the all transit and RV parameters -the orbital period (P ) of 5.723186 ± 0.000049 days, the planet-to-star radius ratio (R P /R * ) of 0.0927 ± 0.0028, the scaled semimajor axis (a/R * ) of 11.70 ( Buchhave et al. 2011) . We also set priors on the stellar spectroscopic parameters -the stellar effective temperature (T eff ) of 6086 ± 69 K, the surface gravity (log g) of 4.34 ± 0.06, metallicity ([Fe/H]) of 0.14 ± 0.08 -from Torres et al. (2012) . Moreover, we adopted wavelength dependent limb-darkening coefficients µ 1,R = 0.323, and µ 2,R = 0.305 for the Cousins R bandpass, µ 1,V = 0.412, and µ 2,V = 0.288 for the Johnson-Morgan V bandpass, µ 1,r = 0.344, and µ 2,r = 0.306 for the Sloan r bandpass based on the values tabulated in Claret & Bloemen (2011) for the stellar parameters from Torres et al. (2012) .
RESULT AND DISCUSSION

Transit Parameters and Physical Properties
Based on the analysis described above, the physical and orbital parameters for HAT-P-29 system obtained from two global fittings are presented in Table 4 .
As suggested by previous studies (e.g. Anderson et al. 2012; Hartman et al. 2015) , the discovery light curves obtained from small telescopes like HATNet (Bakos et al. 2004) , WASP (Pollacco et al. 2006) , KELT (Pepper et al. 2007) , CSTAR (Wang et al. 2014 ) are usually with large PSFs, and often contain contaminating light from nearby stars. In addition, flattening routines such as TFA (Kovács et al. 2005) or SYSREM (Tamuz et al. 2005) , which are required to remove red noise from ground-based multi-month datasets (Pont et al. 2006) , often affect the observed transit depth as well. There- Table 2 for further details of each light curve.
fore, although two global fitting results agree with each other very well, we consider the one based on only follow-up photometry as our final result (overplotted in Figures 3 and 4) . The following discussion is based on this result.
For comparison, the system parameters, estimated in previous studies (Buchhave et al. 2011; Knutson et al. 2014) , are also listed in Table 4 .
We find almost identical Doppler velocimetric properties to Knutson et al. (2014) , as expected, given that the same RVs were used. The results are also in agreement with those from the discovery work (Buchhave et al. 2011) , and are consistent with zero eccentricity, as one would expect from a tidally circularized hot Jupiter.
The known RV trend in the HAT-P-29 system, which was previously reported in Knutson et al. (2014) , can also been seen in our fitting result. It is believed to be caused by an additional companion with a mass between 1 − 200 M J and an orbital separation of 2 AU < a < 36 AU (Knutson et al. 2014) . No further significant RV signal is present in the residuals to our one planet + drift fit, which has a residual RMS scatter of 7.8 m s −1 and which allows us to place constraints on the mass and the period of an additional companion in the system (Wright et al. 2007 ). Compared to the transit parameters obtained by Buchhave et al. (2011) , we find a slightly different solution, with a smaller planet-to-star radius ratio (1.4 σ), a higher orbital inclination (1.2 σ), and a correspondingly smaller impact parameter (1.3 σ). The orbital inclination is observationally strongly tied to the transit's total duration. Our results, therefore, point to a longer transit duration (by 2.8 σ).
Most importantly, we note that our orbital period is 17.63 s longer than the previous measurement, a difference of 4.0 σ. Our predicted mid-time of the next transit event (on UTC 2018 June 1) is 2.5 hrs later than expected according to the orbital ephemeris from Buchhave et al. (2011) .
Our new results are based on more extensive photometric data than previous study, so should be more reliable. As shown in Southworth et al. (2012) ; Benneke et al. (2017) ; Wang X. et al. (2018) , limited aggregations of follow-up photometry are sufficient to confirm the planetary nature, but are rather inaccurate for estimating the system parameters.
To demonstrate that the period discrepancies we found do not arise from differences in the fitting process, we also obtained a global fit that is based only on the data from discovery paper (Buchhave et al. 2011 ). As shown in Table 4 , we successfully recover the result from Buchhave et al. (2011) , with the two results displaying excellent agreement.
As expected, given the concordant stellar spectroscopic parameters that were employed (Buchhave et al. 2011; Torres et al. 2012) , the stellar properties (stellar mass M * and stellar radius R * ) that emerge from our analysis show good agreement with those of Buchhave et al. (2011) .
We use our derived photometric, velocimetric, and stellar parameters to infer the physical properties of HAT-P-29b using the method outlined in Eastman et al. (2013) . The physical properties we find for HAT-P-29b agree with those of Buchhave et al. (2011) within uncertainties.
Transit Mid-Times
To measure the individual transit mid-times, we perform a separate fit to each of six new light curves collected for this work and to the two follow-up light curves obtained in the discovery paper (Buchhave et al. 2011) . We hold all of the global parameters fixed to the value determined from the joint analysis and fit each transit light curve separately, by allowing only the transit midtime (T C ) as well as the light-curve specific baseline flux (F 0 ) to float.
The resulting transit mid-times (T C ), measured independently to each new and catalogued light curve, can be found in Table 5 .
The RMS deviations of these transit mid-times from our updated linear ephemeris is about 275.2 s. This value, however, is significantly affected by the 4.5 σ outlier from the UTC 2013 December 7 transit which was observed duing poor weather conditions, thereby producing a less precise measurement of the transit midtime. With this weather-affected outlier removed, no statistically significant TTVs are detected at a level above 148.8 s. Figure 6 shows the deviations of transit mid-times (blue markers) for HAT-P-29b from the linear orbital ephemeris determined in this work (blue dashed line) and the discovery work (yellow dashed line).
Given the period discrepancy discussed in §4.1, it is not surprising that the transit ephemeris in the discovery paper (yellow dashed line) disagreed with the transit mid-times we obtained from our new light curves (blue circles). It is interesting, however, that the discovery paper's transit ephemeris even significantly disagreed with the transit mid-times we found from their own follow-up light curves (blue squares). This situation arises because the transit mid-times are determined using our best-fitting model, which gives a 30.96 min longer transit duration than Buchhave et al. (2011) measured. The transit mid-times for the partial light curves are very sensitive to the transit duration. Transit mid-times (yellow squares) derived using the transit model from Buchhave et al. (2011) are therefore in disagreement with the transit mid-times determined using our best-fitting model (blue squares), but are consistent with their own transit ephemeris (yellow dashed line).
The measured transit mid-times for full transit light curves, however, are insensitive to the model duration. For the two full transit light curves we obtained, the mid-times derived from the best-fitting transit model reported in Buchhave et al. (2011) and this work are in good agreement, and are consistent with our updated orbital ephemeris.
Limits on an Additional Perturber
The lack of statistically significant TTVs, together with the absence of extra signal in the RV residuals around the one-planet + drift model provide a constraint on the dynamical properties of hypothetical close-in perturbers to HAT-P-29b.
Using dynamical simulations with the MERCURY6 planetary orbital integrator (Chambers 1999), we place an upper limit on the mass of the hypothetical perturber as a function of its orbital period, based on our transit timing analysis of HAT-P-29b. The RMS deviation of its measured transit mid-times from the updated linear orbital ephemeris is approximately 148.8 s.
For our simulations, the two planets are assumed to be coplanar, and are initially set on circular orbits, a configuration which provides the most conservative estimate of the upper mass limit of the hypothetical perturber, as discussed by Bean (2009), Fukui et al. (2011 ), and Hoyer et al. (2011 .
We explore a perturber's orbit with a semi-major axis between 0.0032 and 0.138 AU (i.e. the period ratio of perturber and known planet from 1:3 to 3:1) in steps of 0.001 AU, which is further reduced to 0.0005 AU in the proximity to resonance since the largest planetary TTVs are likely to arise in or near resonance (Agol & Steffen 2007; Holman & Murray 2005) . For each orbital separation analyzed, the approximation for the upper mass limit of the hypothetical perturber is obtained iteratively by linear interpolation with an initial mass guess of 1 M ⊕ and with a convergence tolerance for TTVs of 1 s. Knutson et al. (2014) , the host stellar mass (M * ) and orbital inclination (i) for the HAT-P-29 system were adopted from Buchhave et al. (2011) .
b In Knutson et al. (2014) , the stellar spectroscopic properties for HAT-P-29 were adopted from Torres et al. (2012) . The upper limits on the mass of the hypothetical perturber in the HAT-P-29 system that are determined by these simulations are illustrated in Figure 7 . While the Doppler residuals with an RMS of 7.8 m s −1 provide stronger constraints on the "maximum minimum mass" (Wright et al. 2007 ) of the hypothetical perturber on most configurations (dashed line in the figure) , the mass constraints from the TTVs technique (solid black line) are more restrictive at the low-order mean-motion resonances. We can rule out the presence of a perturber with mass greater than 0.6, 0.7, 0.5, and 0.4 M ⊕ near the 1 : 2, 2 : 3, 3 : 2, and 2 : 1 resonances, respectively.
According to the Mean Exponential Growth of Nearby Orbits (MEGNO) Index (Goździewski et al. 2001; Cincotta et al. 2003; Hinse et al. 2010) , we also show the chaotic/quasi-periodic dynamics for the threebody system in the same figure. The resulting MEGNO map and, in particular the dynamical (chaotic) properties in the vicinity of the transiting planet (large mutual perturbations), is qualitatively consistent with the orbital stability limits derived using the method outlined in (Barnes & Greenberg 2006) .
SUMMARY AND CONCLUSIONS
Planet "hunting" is gradually losing its cachet, and is being supplanted by renewed efforts to characterize the known planetary inventory. We, therefore, have initiated a ground-based photometric follow-up project, TEMP, to aid this broader effort, hopefully helping to foster a new understanding of the formation, and evolution of exoplanetary systems.
In our inaugural efforts, we have presented photometry of six transits of HAT-P-29b, obtained between 2013 October and 2015 January with two different telescopes, which quadruples the number of published transit light curves available for this planetary system to date. The new light curves have photometric scatter ranging from 1.9 to 3.7 mmag and a typical exposure time of 35−100 s.
We analyzed our new photometric data, along with two follow-up light curves presented in the discovery paper (Buchhave et al. 2011) , the RV measurements (Buchhave et al. 2011; Knutson et al. 2014) , and improved spectroscopic properties of the host star (Torres et al. 2012 ) to confirm and refine the orbital and physical properties of the HAT-P-29 system. Our improved orbital period is 17.63 ± 4.38 s longer than previous measurements (Buchhave et al. 2011) , a difference of 4.0 σ, facilitating future characterization of the system during the transit (e.g. the wavelength-dependent transmission spectrum and/or the Rossiter-McLaughlin measurements).
The lack of TTVs with a standard deviation larger than 148.8 s placed an upper limit on the mass of a nearby hypothetical perturber as a function of its orbital separation. These mass constraints are particularly restrictive at the low-order mean-motion resonances. Near the 1 : 2, 2 : 3, 3 : 2, and 2 : 1 resonances with HAT-P29b, perturbers with masses greater than 0.6, 0.7, 0.5, and 0.4 M ⊕ can be excluded, respectively. Away from mean-motion resonance, the RV residuals, with an RMS of 7.8 m s −1 , indicate HAT-P-29 system could readily be harboring additional short-period Neptune-mass companions. Thus, further observations of HAT-P-29, both through photometry and Doppler velocimetry, would be useful in helping to assess the presence of additional nearby planets in the system, especially in dynamically stable non-resonant orbits. The presence or absence of such planets provides direct insight into the formation and evolution processes of hot Jupiters.
For the coming flood of planetary candidates from K2 and T ESS that require photometric follow-up observations, we plan to involve more telescopes in our project to obtain high-precision photometric light curves with the aim to improve physical and orbital properties of transiting exoplanetary systems with poor data coverage. In particular we plan to make dramatic progress towards sub-mmag photometric precision by the use of the autoguider and the beam-shaping diffusers (Stefansson et al. 2017 ). Upper mass limit of a hypothetical perturber as a function of the orbital period ratio of the perturber (P2) and the transiting hot Jupiter HAT-P-29b (P1). The solid line corresponds to the mass-period profile where a perturber can produce measured TTVs with an RMS of 148.8 s. These mass constraints are restrictive near the low-order mean-motion resonances (nominal resonance locations are marked by arrows), where perturbers as small as the Earth are potentially detectable. The dashed line corresponds to the mass limits imposed by the RV measurements. With the RV residuals to the best fit (RMS = 7.8 m s −1 ), we can exclude the presence of a close-in companion with a mass greater than Neptune. The color-coding delineates the dynamical properties of the three-body system according to the calculated MEGNO factor for a given initial condition. In general, for large MEGNO (> 5 values with yellow color coding) the system is chaotic. For MEGNO values around 2 (blue color coding) the system's time evolution is quasi-periodic or regular and is usually ascribed to stable motion. It should, however, be pointed out that MEGNO (as with any other numerical chaos indicator) does not provide a proof for orbital stability (quasi-periodic/regular motion). Regular motion is probed only up to the numerical integration time. For longer times the system could, in principle, evolve chaotically. For large values of MEGNO (yellow color coding in the figure with MEGNO > 5) the system is judged chaotic and is often associated with orbital resonance dynamics (resonance overlap). Chaotic motion often produces unstable orbits, but the system does not necessarily evolve towards an instability as a result of chaos (sticky chaos). Finally, we point out that the locations of orbital resonances between the two planets coincide with the TTV's sensitivity curve. This reiterates that the amplitude of the TTV signal is stronger for systems near orbital resonance.
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